Here we report that a serotonergic neuron evokes two distinct neuromodulatory actions with different state, timing, and firing pattern dependencies. These neuromodulatory actions may have important behavioral functions. In the mollusc, Tritonia diomedea, EPSCs evoked by ventral swim interneuron B (VSI) exhibited intrinsic plasticity; after a spike train, EPSC amplitude increased from a basal state to a potentiated state, which usually lasted Ͼ10 min. While the synapse was in a potentiated state, stimulation of a serotonergic dorsal swim interneuron (DSI) decreased VSI synaptic strength, returning it to a basal state. The extent of the DSI-evoked decrement was strongly correlated with the magnitude of the homosynaptic potentiation. This synaptic reset, or depotentiation, by DSI was blocked by the serotonin receptor antagonist methysergide and mimicked by a serotonin puff. In contrast to this state-dependent neuromodulatory action, we found that a previously described DSI-evoked transient enhancement of VSI synaptic strength was state-independent, producing the same multiplicative increase in EPSC amplitude regardless of whether the synapse was in a potentiated or basal state. These two actions also differed in their dependencies on the firing pattern of DSI and VSI action potentials. Results suggest that stateindependent synaptic enhancement by DSI may play a short-term role during a swim motor pattern, whereas state-dependent actions may have longer-lasting consequences, resetting VSI synaptic strength after a swim bout. Thus, differences in two neuromodulatory actions at one synapse may allow a serotonergic neuron to play distinct roles at different stages of a motor pattern.
Introduction
Neuromodulation has been defined as an effect of one neuron on the cellular and/or synaptic properties of another neuron (Katz, 1999) . There may be a temptation to infer from this that neuromodulatory actions are imposed unilaterally on other cells and synapses. However, neuromodulatory signaling may also be contingent on the state of the neuron or synapse being modulated. For example, in rat prefrontal cortex, the basal level of protein kinase A activity can determine whether serotonin [5-hydroxytryptamine (5-HT)] will enhance or reduce the amplitude of GABA-evoked currents (Cai et al., 2002) . Similarly, the level of neuronal activity determines the direction of change produced by dopaminergic modulation of calmodulin-dependent protein kinase II (Gu and Yan, 2004) . Determining whether such state-dependent neuromodulatory effects occur in neuronal circuits requires the ability to monitor and perturb the neuromodulating neuron as well as the state of the neuron that it modulates.
Such experimental control can be obtained using the neuronal circuit underlying the escape swim response of the mollusc, Tritonia diomedea. In this preparation, it has been shown that identified serotonergic neurons called the dorsal swim interneurons (DSIs) (http://NeuronBank.org/Tri0001043) evoke short-term neuromodulatory actions on other swim interneurons (Katz and Frost, 1995; Sakurai and Katz, 2003) . In particular, DSI stimulation transiently enhances the synaptic strength of ventral swim interneuron B (VSI) (http://NeuronBank.org/Tri0002436). This heterosynaptic enhancement decays within 15 s after the end of a DSI spike train, making it contingent on the timing of spikes in the DSI and VSI.
Here, we found that the VSI synapses can undergo activitydependent changes in synaptic output from a stable basal state to a potentiated state and that the DSI-evoked transient enhancement of VSI synaptic strength is independent of its current potentiation state. We also determined that DSI evokes an additional state-dependent neuromodulatory action; when the VSI synapse is in the potentiated state, DSI stimulation can depotentiate it, returning it to a basal state. The efficacies of these two neuromodulatory actions differ depending on the pattern of DSI and VSI spiking activity. The recognition that a single neuron can evoke both state-dependent and state-independent actions at the same synapse and that these actions can have different spiketiming dependencies could have important implications for understanding the roles of neuromodulation and plasticity in the nervous system.
Materials and Methods
Preparation. Specimens of the nudibranch, T. diomedea, were obtained from Living Elements. All experiments were performed on the isolated brain preparation. Briefly, the brain, consisting of the fused cerebropleu-ral and pedal ganglia, was removed from the animal and immediately pinned to the bottom of a Sylgard-lined chamber (1 ml), where it was superfused with saline at 4°C. Physiological saline composition was (in mM): 420 NaCl, 10 KCl, 10 CaCl 2 , 50 MgCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4. The cell bodies of the neurons were exposed by removing the connective tissue sheath from the surface of the ganglia (Willows et al., 1973) . Suction electrodes, made from polyethylene tubing, were placed on pedal nerves including pedal nerves 3, 5, and 6. Then the preparation was left overnight, superfused in saline at 8 -10°C to recover from possible damage during the dissection.
Neurons were identified by soma location, coloration, synaptic connectivity, and activity pattern at rest and during the swim motor program as previously described (Getting, 1981 (Getting, , 1983 . For simplicity, we will refer to VSI-B as VSI for the remainder of this study. To identify neurons, the swim motor program was evoked by stimulating pedal nerve 3 with a train of voltage pulses (5-15 V, 1.5 ms) at 5 Hz for 1.5 s via a suction electrode. After identifying the interneurons, the bathing medium was switched to saline containing a high concentration of divalent cations (Hi-Di saline), which raises the threshold for spiking and reduces spontaneous neural firing. The composition of the Hi-Di saline was (in mM): 285 NaCl, 10 KCl, 25 CaCl 2 , 125 MgCl 2 , 10 D-glucose, and 10 HEPES, pH 7.4 (Sakurai and Katz, 2003) . All experiments were conducted in the Hi-Di saline superfused at 2 ml/min at 10°C.
5-HT (Sigma) was dissolved in Hi-Di saline (100 M) just before use and puff-applied via glass pipette using a Picospritzer (General Valve). The puffs were given for 5-10 ms duration, one to three times at 1-2 Hz. Methysergide (Sigma) was dissolved in dimethyl sulfoxide (Sigma) at 20 mM and diluted to 50 M in Hi-Di saline just before use, and bath-applied by switching the superfusion paths (Sakurai and Katz, 2003) .
Electrophysiological recordings and stimulations. Neurons were impaled with glass microelectrodes filled with 3 M KCl (resistance, 8 -15 M⍀). Axoclamp-2B amplifiers (Molecular Devices) were used for all electrophysiological experiments. To examine changes in the synaptic strength of VSI, orthodromic action potentials were evoked by injecting current pulses (4 -15 nA, 20 ms) into the soma through a second electrode, or through the recording electrode with a balanced bridge circuit. Either a ventral flexion neuron (VFN) or an unidentified VSI follower cell in the ipsilateral pedal ganglion had its membrane potential held at Ϫ50 mV under two-electrode voltage-clamp mode to measure VSI-evoked EPSCs.
Action potentials in DSI were elicited by injecting 20 ms current pulses (7-15 nA) through a recording electrode via a balanced bridge circuit. Each current pulse evoked a single spike, allowing the spike frequency to be controlled precisely. To bring the VSI synapse to the potentiated state (compare Fig. 1 ), VSI was stimulated at 5 Hz for 15 s in most of the present experiments (Sakurai et al., 2007) . The frequency 5 Hz was chosen because the stimulus at higher rate often caused failure in generating action potential one-to-one to the stimulus current pulses. The time 15 s was chosen because the VSI action potentials started to fail after 15 s.
To calculate the extent of potentiation state ( p), the extent of decrement (d), and the extent of DSI-evoked enhancement (e) (see Figs. 3 and 5), we first calculated the basal EPSC amplitudes by averaging three EPSCs before the VSI spike train. Then, the potentiated EPSC amplitude was calculated by averaging three EPSCs before the DSI stimulation. The p value is the difference between the basal and potentiated EPSC amplitudes shown as a percentage of the basal EPSC amplitude. The d value was calculated by subtracting the potentiated EPSC amplitude from the average of three EPSCs evoked after the DSI spike train, and shown as a percentage change of the potentiated EPSC amplitude. The e value was calculated by subtracting the average of three EPSCs before the DSI spike train from the EPSC evoked 5 s after the DSI spike train, and shown as a percentage change. The depotentiation (see Figs. 6 B, D, 8Aiii, Biii) is the DSI-evoked decrement shown as a percentage change of the magnitude of the potentiation state, which is the difference between the basal and potentiated EPSC amplitudes.
Recordings were digitized at 3-20 kHz with a 1401plus A/D converter from Cambridge Electronic Design (CED). For data analysis and plots, the amplitudes of EPSCs were normalized to the averaged amplitude of three EPSCs before the test stimulation. Data acquisition and analysis were performed with Spike2 software (CED) and SigmaPlot (Jandel Scientific). Statistical comparisons were made using a paired t test or a one-way ANOVA with pairwise multiple comparison by the StudentNewman-Keuls method. In all cases, p Ͻ 0.05 was considered significant. Results are expressed as the mean Ϯ SEM.
Results
VSI synapses could enter a long-lasting potentiation state VSI exhibited a number of forms of intrinsic or homosynaptic plasticity, i.e., changes in the synaptic output of VSI that depended on its own firing history. Baseline VSI-evoked EPSC amplitudes recorded in a postsynaptic VFN were stable when VSI was stimulated with intracellular current pulses (20 ms, 7nA) to fire one action potential every 30 s. However, after a 15 s, 5 Hz train of action potentials, the VSI-evoked EPSCs switched into a prolonged potentiation state (Fig. 1 A) . During the 5 Hz train, the initial EPSCs rapidly facilitated before depressing to a steadystate amplitude as previously reported for this synapse (Sakurai et al., 2007) (Fig. 1 A) . For 15-30 s after the end of the train, the EPSC amplitude was strongly depressed relative to the baseline before the train ( Fig. 1 A, B) . However, over the course of ϳ90 s, the EPSC amplitude increased above baseline levels to a potentiated state, where it remained, in most preparations, for ϳ5-15 min. The exact duration of the potentiation state was variable between preparations. Of the 22 preparations tested, at least 15 remained potentiated for Ͼ10 min, with one lasting more than 1 h.
The magnitude of the potentiation state was dependent on the VSI spike frequency during the train (Fig. 1C) . Analysis with one-way ANOVA shows that there was a progressive increase in the extent of potentiation as VSI was made to spike at higher frequencies (Fig. 1C legend) . The maximal potentiation occurred when VSI was stimulated to fire at 5 Hz or above. The VSI spike frequency needed to produce a half-maximal response was 2.1 Hz. During normal swim motor patterns, VSI fired at frequencies ranging from 4.3 to 12.0 Hz with a median of 8.9 Hz (n ϭ 13). Thus, the firing rates needed to cause potentiation are well within the physiological range.
To test whether the potentiation state is caused by presynaptic changes in neurotransmitter release from VSI, we examined its effect on paired-pulse facilitation (Fig. 1 D) , a measure typically associated with changes in synaptic release (Zucker and Regehr, 2002) . In the unpotentiated state, the paired-pulse facilitation (PPF) index for VSI-evoked EPSCs with a 0.2 s interval was 0.34 Ϯ 0.07 (n ϭ 10). This ratio decreased significantly to 0.10 Ϯ 0.05 (n ϭ 10) when the synapse was in the potentiated state ( Fig.  1 E) , suggesting that the potentiation state at least involves presynaptic changes at the synapse.
DSI stimulation caused state-dependent synaptic depotentiation DSI stimulation caused a marked decrement of VSI synaptic strength, but only when the synapse was already in the potentiated state. When the VSI to VFN synapse was in the basal, unpotentiated state, stimulating DSI to fire a train of action potentials (10 Hz, 5 s) that ended 25 s before a VSI test spike had no effect on subsequent VSI-evoked EPSCs recorded in VFN (Fig. 2 Bi,Ci). However, when the VSI to VFN synapse was in the potentiated state after a VSI spike train, DSI stimulation caused a large decrement of the EPSCs that returned the amplitudes of VSI-evoked EPSCs to the baseline level recorded before the VSI spike train (Fig. 2 Bii, 3Cii) .
In 73% of the preparations, the EPSC decrement was appar-ently permanent; the EPSC remained at the nonpotentiated level for at least 10 min (n ϭ 9 in 12 preparations), and additional DSI stimuli had no further effect ( Fig. 2 Biii, Ciii). However, in 3 of 12 preparations, the EPSCs partially reverted to the potentiated level after the first DSI stimulation, but a second DSI spike train again reset the EPSC amplitude to the baseline level. Analysis with one-way ANOVA shows that DSI-evoked decrement in the EPSC size was significant when the VSI synapse was in a potentiated state (ii, F (12,142) ϭ 15.42, p Ͻ 0.001, n ϭ 12). Pairwise multiple comparisons by the Student-Newman-Keuls method showed significant differences between the EPSCs before the DSI stimulation and those after it ( p Ͻ 0.001). In contrast, DSI had little effect when the synapse was in the basal state before the VSI spike train (i, F (12,77) ϭ 0.44, p ϭ 0.94, n ϭ 8), or by the second DSI stimulation after the VSI spike train (iii, F (12,87) ϭ 0.91, p ϭ 0.54, n ϭ 8). Thus, the ability of DSI to cause VSI synaptic decrement was dependent on the state of the VSI synapse.
The extent of the DSI-evoked decrement of VSI synaptic strength was correlated with the magnitude of the potentiation state exhibited at the time of the DSI stimulation (Fig. 3) . As the potentiation state slowly decayed, the synaptic decrement caused by DSI stimulation correspondingly decreased (Fig. 3A, d) , rarely exceeding the magnitude of the remaining potentiation (Fig. 3A,  p) . Indeed, there was a linear relation between the extent of the decrement and the degree of potentiation (Fig. 3B) . These results suggest that the DSI-evoked decrement was a negation of the potentiation state rather than a scaling of synaptic strength.
DSI stimulation caused a state-independent synaptic enhancement
We previously showed that DSI stimulation causes a transient enhancement of VSI synaptic strength that lasts up to 15 s (Sakurai and Katz, 2003) . This enhancement is not seen in Figures 2 and 3 because VSI was stimulated 25 s or more after the end of the DSI train. To test whether the transient enhancement was affected by the potentiation state of the VSI synapse, we shifted the time of the DSI spike train so that it ended just 5 s before the next VSI test spike (Fig. 4 A, inset). We found that this stimulus paradigm produced a transient enhancement of VSI synaptic strength regardless of whether the synapse was in a potentiated state or not (Fig. 4 B, C) .
Unlike DSI-evoked depotentiation, the magnitude of DSIevoked transient enhancement was independent of the state of the VSI-VFN synapse; DSI stimulation caused an equivalent enhancement of VSI synaptic strength regardless of whether the synapse was in the basal state, the potentiated state, or the depotentiated state (Fig. 4 D) . The mean values of the increases were not significantly different from each other (F (2,29) ϭ 0.27, p ϭ 0.77 by one way ANOVA). The DSI-evoked transient enhance- After the VSI spike train, the EPSC showed a transient decrease followed by sustained potentiation state. The EPSC amplitudes were normalized to the mean amplitude of three EPSCs recorded before the VSI spike train. C, The magnitude of the potentiation increased with fre-ment in the EPSC size was 64.6 Ϯ 7.9% (N ϭ 13) in the unpotentiated state (i), 58.1 Ϯ 4.4% (n ϭ 12) in the potentiated state (ii), and 61.2 Ϯ 7.2% (n ϭ 8) in the depotentiated state (iii). Furthermore, the magnitude of the transient enhancement did not correlate with the magnitude of the potentiated state ( Fig.  5 A, B) . Thus, the DSI-evoked enhancement produced an equivalent multiplicative scaling of VSI synaptic strength regardless of whether the synapse was in the basal state, the potentiated state, or the depotentiated state.
In contrast, only if the VSI synapse was already in the potentiated state, was the DSI-evoked transient enhancement followed by a strong decrement (35 s after the DSI train), returning the amplitude of EPSCs to the basal level (Fig. 4 Bii,Cii), as we had observed with the 25 s test interval (Fig. 2) . Once the synapse was depotentiated, additional DSI stimuli produced only the transient enhancement without any further decrement (Fig. 4 Biii,Ciii). The DSI-evoked decrease in EPSP amplitude was 3.5 Ϯ 3.5% (n ϭ 13) in the basal state (i) and 6.0 Ϯ 3.3% (n ϭ 8) in the depotentiated state (iii), whereas in the potentiated state (ii) the mean decrease was 37.5 Ϯ 2.5% (n ϭ 12) (Fig. 4 E) . The magnitude of the DSI-evoked decrement was significantly greater during the potentiated state (F (2,29) ϭ 39.9, p Ͻ 0.001 by one-way ANOVA). Moreover, the extent of decrement showed a correlation with the extent of the potentiation state ( Fig. 5C ), consistent with the results obtained with the first protocol using a long interval between DSI and VSI (Figs. 2, 3). Thus, unlike the stateindependent multiplicative enhancement produced by the same protocol, the DSIevoked synaptic decrement depended on the state of VSI synapse at the time when DSI was stimulated.
The DSI actions are mediated by serotonin
To determine whether the termination of the potentiation phase is caused by 5-HT released from DSI, we tested the effect of the 5-HT receptor antagonist, methysergide. Methysergide was previously shown to be effective at blocking DSI-evoked transient enhancement (Katz and Frost, 1995; Sakurai and Katz, 2003) . In this study, bath-applied methysergide (50 M) significantly reduced the magnitude of DSI-evoked enhancement from 94.3 Ϯ 9.8% down to 16.4 Ϯ 3.7% ( p Ͻ 0.01 by paired t test, n ϭ 4). Methysergide also significantly reduced the extent of the DSIevoked depotentiation from Ϫ75.9 Ϯ 2.3% (control) to Ϫ21.0 Ϯ 4.0% (methysergide) ( p Ͻ 0.05 by paired t test, n ϭ 4) (Fig. 6 A, B) . In contrast, methysergide did not affect either the basal amplitude of VSI-evoked EPSPs (1.76 Ϯ 0.53 nA in control saline, 1.75 Ϯ 0.47 nA in methysergide; p ϭ 0.98 by paired t test, n ϭ 4) or the magnitude of homosynaptic potentiation (62.6 Ϯ 16.8% increase in control saline, 52.5 Ϯ 16.3% increase in methysergide; p ϭ 0.61 by paired t test, n ϭ 4). These results support the hypothesis that 5-HT released from DSI is responsible for the depotentiation.
We found that exogenous serotonin can mimic both the DSI- Figure 2 . Heterosynaptic depotentiation by a DSI spike train. DSI reduced the VSI-VFN EPSC amplitude only when the synapse was in the potentiated state. A, Experimental protocol. Intracellular electrodes were placed in DSI and VSI for eliciting action potentials. The membrane potential of the postsynaptic VFN was held constant by two-electrode voltage clamp. VSI was stimulated to fire one action potential every 30 s. DSI was stimulated to fire a train of action potentials (10 Hz, 5 s) that ended 25 s before the next VSI spike. B, DSI stimulus trials were delivered once before (i) and twice after (ii, iii) a VSI spike train (5 Hz, 15 s). B, EPSC amplitudes from two recording sessions in the same neurons, one without DSI stimulation (white circles) and one showing three trials of DSI stimulation (i, ii, iii, black triangles:). The first DSI spike train (i) had no effect on EPSC amplitude. The 5 Hz VSI spike train shifted the EPSCs into a potentiated state. In the potentiated state, a DSI spike train depotentiated the EPSCs (ii). A subsequent DSI train had little additional effect (iii). C, The mean amplitudes of VSI-evoked EPSCs normalized to the basal state are shown from three conditions: i, basal state (before VSI spike train, n ϭ 8); ii, potentiated state (first trial after VSI train, n ϭ 12); iii, basal state (second trial after VSI train, n ϭ 8). The DSI spike train is represented by the arrow. The insets show the EPSC recordings before and 25 s after the DSI stimulation.
evoked transient enhancement and the depotentiation. By carefully probing the surface of the ganglion with a pipette containing 100 M 5-HT, we could locate a spot in which a brief 5-HT puff (5-10 ms) produced a transient enhancement of the VSI-to-VFN EPSC. The enhancement of VSI synapses by puff-applied 5-HT lasted Ͼ30 s, longer than the DSI-evoked enhancement (10 s). This is presumably because it took longer for the clearance of puff-applied 5-HT than for 5-HT released by a DSI burst. As a result of this longer time course, we could not examine the effect of 5-HT on depotentiation without also causing transient enhancement with our VSI stimulus paradigm. To determine whether puffed 5-HT could mimic the DSI depotentiating effect, we stimulated VSI to fire a train of action potentials (5 Hz, 15 s) to cause homosynaptic potentiation and applied a single puff of 5-HT. This caused a transient enhancement followed by depotentiation of the VSI-evoked EPSC to basal levels (Fig. 6C) . The extent of depotentiation 90 -180 s after the puff was Ϫ72.4 Ϯ 8.7%, which is significantly greater than the spontaneous decline of the potentiated state (Ϫ22.7 Ϯ 9.6%) that occurred at equivalent times ( p Ͻ 0.05 by paired t test, n ϭ 4) (Fig. 6 D) . Thus, puffs of 5-HT could mimic both the transient enhancement and the state-dependent depotentiation of VSI synaptic strength caused by DSI stimulation. Together with the methysergide results, it suggests that 5-HT released by a DSI spike train mediates both state-dependent and state-independent effects.
Timing dependence of depotentiation
After a VSI spike train, it takes ϳ90 s for the EPSC amplitude to reach the fully potentiated state. We tested whether DSI stimulation before the full onset of potentiation would be effective at causing depotentiation (Fig. 7) . We found that when DSI was stimulated after the end of the VSI train, but during the period of VSI synaptic depression, it did not prevent the subsequent expression of the potentiation state (Fig. 7Ai) . By increasing the delay after the end of the VSI train, DSI stimulation became more effective at causing depotentiation (Fig. 7Aii-iv,B) . Thus, the ability of DSI to depotentiate the VSI synapse was not only dependent on the state of the VSI synapse, but also on the timing of the VSI spike train with respect to the DSI train. Of course, this apparent time dependence could simply be another manifestation of the state dependence in that it appears to take 90 s for the synapse to reach the potentiated state.
DSI-evoked depotentiation integrates over long time periods
To begin to determine the functional significance of DSI-evoked enhancement and depotentiation, we examined their sensitivity to parameters of the DSI spike train (spike frequency, spike number and train duration). We stimulated DSI at various spike frequencies either for a fixed duration (Fig. 8 A) or for a fixed number of spikes (Fig. 8 B) . When we held the duration of the DSI spike train at 5 s (Fig. 8 Ai) , the magnitude of both the transient enhancement and the depotentiation increased as a function of DSI spike frequency (Fig. 8 Aii,iii) . However, when we held the number of DSI spikes constant at 51 pulses and varied the frequency and duration of the DSI spike train (Fig. 8 Bi) , we found that the enhancement and depotentiation behaved differently (Fig. 8 Bii,iii) . For depotentiation, a significant change was seen even at low spike frequencies and no further increase was seen at higher DSI spike frequencies (see Fig. 8 B legend) , whereas the transient enhancement increased gradually as a function of DSI spike frequency. These results suggest that the magnitude of the DSI-evoked transient enhancement, which lasts just a short time, has a short integration period, whereas the magnitude of the depotentiation depends more on the absolute number of DSI spikes, allowing the depotentiation to be integrated over a long time period.
Functional significance of the DSI action
Both DSI and VSI are the members of the central pattern generator circuit underlying the escape swim response of T. diomedea (Fig. 9Ai) . During the swim motor pattern, DSI and VSI fire bursts of action potentials at 8 -20 Hz in an alternating manner with a cycle period of 4 -12 s (Fig. 9Aii) (Getting, 1981 (Getting, , 1983 . The swim motor pattern terminates after a VSI burst, and then DSI continues to fire tonically at 1-2 Hz, whereas VSI stays silent unless the animal receives tactile stimulation (Popescu and Frost, 2002) . We tested the effect of DSI on VSI synaptic output that would occur during and after a swim bout by mimicking this firing pattern and recording the VSI-evoked EPSCs in a VFN. When VSI was stimulated alone in a repeated bursting pattern, mimicking its firing during a swim motor pattern, the EPSCs that it evoked exhibited short term facilitation and depression (Fig. 9B, black  plot) . Immediately after the VSI spike trains, the EPSCs evoked by test VSI spikes were depressed. Over the course of 2 min, those EPSCs increased in amplitude until they reached a potentiated level that was stable for Ͼ10 min (Fig. 9D, black plot) , similar to when VSI was stimulated to fire a single 5 Hz, 15 s train (compare Fig. 1 B) .
When DSI was stimulated in alternation with VSI bursts, as would occur during a swim motor pattern, the VSI-evoked EPSC amplitudes increased, presumably because of the DSI transient enhancement (Fig. 9B, orange plot) . The average EPSC amplitude during the artificial swim showed a significant increase when DSI bursts were imposed (Fig. 9C) . After the artificial swim bout, VSI continued to exhibit a prolonged period of synaptic potentiation that was not significantly different from when VSI was stimulated alone (Figs. 9 D, E, orange) . Thus, DSI firing during the swim caused short-term enhancement of VSI synaptic strength but did not affect the potentiation after the swim.
However, when DSI tonic firing was added after an artificial swim motor pat- Figure 4 . DSI produces both a transient enhancement and a state-dependent decrement of VSI-evoked synaptic currents. A, The experimental protocol is the same as in Figure 2 except that the DSI spike trains ended 5 s before the next VSI spike. VSI was stimulated to fire one spike every 30 s. B, EPSC amplitudes from two recording sessions in the same neurons, one without DSI stimulation (white circles) and one showing three trials of DSI stimulation (black triangles: i, ii, iii). In each trial, DSI stimulation increased the amplitude of the EPSC evoked 5 s after the DSI train, but not 35 s later. The 5 Hz VSI spike train shifted the EPSCs into a potentiated state. In the potentiated state, a DSI spike train transiently increased the EPSC and then caused a prolonged depotentiation (ii). A subsequent DSI train again caused a transient increase, but did not produce any further decrease in EPSC amplitude (iii). C, Plots showing the averaged effects of DSI on the EPSC amplitude in the basal state (i, n ϭ 10), the potentiated state (ii, n ϭ 9), and the depotentiated state (iii, n ϭ 7). In all three cases, there was a significant increase in the EPSC amplitude tern (2 Hz for 1 min, from 35 to 95 s after the end of the swim pattern), it significantly reduced the magnitude of the following long-lasting potentiation (Fig. 9 D, E, green) . Thus, the tonic DSI firing that occurs after the swim motor pattern might help reset VSI synaptic strength by depotentiating the EPSCs from the po- . 5-HT mediates the DSI-evoked depotentiation. A, The DSI-evoked depotentiation was blocked by a 5-HT receptor blocker, methysergide. VSI-evoked EPSC amplitudes from two trials in the same preparation are plotted; one was recorded in normal high divalent cation saline (Normal Hi-Di, white circles) and the other in the presence of 50 M methysergide (black triangles). In both trials, VSI was stimulated to fire a train (5 Hz, 15 s) to put the synapse in a potentiated state and DSI was subsequently stimulated (10 Hz, 5 s) 25 s before the next VSI spike. Depotentiation of the synapse occurred in normal Hi-Di saline, but this depotentiation was reduced significantly by methysergide. B, Methysergide significantly reduced the extent of depotentiation caused by DSI stimulation. The extent of depotentiation was shown as a percentage change of the amplitude from the potentiation state (n ϭ 4). C, A brief 5-HT puff mimicked the effect of a DSI spike train. EPSC amplitudes from two trials from the same preparation are plotted. In both trials, a VSI spike train (5 Hz, 15 s) caused the synapse to enter the potentiated state. The control trace (white circles) shows the time course of potentiation in this preparation. A pressure-applied 5-HT puff (100 M, 10 ms) produced a large transient increase and subsequent fall of the EPSC amplitude, bringing it down to the original level (gray triangles). D, 5-HT puffs caused significantly more decrement than occurred in control trials with no puff (n ϭ 4). In A and C, time 0 is set as the time of the last action potential in the VSI spike train (5 Hz, 15 s). In B and D, asterisks indicate significant differences ( p Ͻ 0.01 by paired t test). tentiated state that is induced by the swim motor pattern. The long integration time of the depotentiation allows low frequency DSI firing to be effective without also causing short term enhancement.
Discussion
In this study, we found that a serotonergic neuron (DSI) evokes distinct state-dependent and state-independent neuromodulatory actions on the strength of synapses made by another neuron (VSI). As a result, the net effect of the serotonergic neuron is dependent on its firing frequency, its burst duration, the timing of its spikes with respect to those of the neuron being modulated, and the state of the synapse being modulated (summarized in Fig.  10 ). The differences in state-and time-dependency allow the two heterosynaptic actions to play different roles at different stages in the production of a behavior.
State-dependent synaptic depotentiation
The state of a synapse can be determined by intrinsic or homosynaptic plasticity, which is dependent on the presynaptic neuron's own firing history. In this study, we found that the synapse from VSI to VFN enters a potentiation state after a spike train. This potentiated state was of intermediate term (ϳ10 min) and seemed to involve a presynaptic change in VSI because it interfered with pair-pulse facilitation (another presynaptic mechanism). Thus, it may be similar to post-tetanic potentiation or augmentation studied in various model systems (Zucker and Regehr, 2002) . Only when VSI synapses were in a potentiated state did DSI stimulation decrease the amplitude of VSI EPSCs. The extent of the decrease rarely exceeded the extent of the potentiation. In this way, DSI appeared to depotentiate the synapse, resetting it to its basal state. This suggests that the homosynaptic potentiation and the heterosynaptic depotentiation share a common site of action.
The ability of neuromodulatory inputs to reset the synaptic strength to a "basal" state has implications for synaptic release mechanism. It supports a model suggesting that some forms of homosynaptic plasticity are added to a basal state and thus can be taken away, leaving the original state of the synapse. For example, different pools of vesicles have been suggested to underlie different forms of homosynaptic plasticity in Aplysia (Jiang and Abrams, 1998) . In Tritonia, neither heterosynaptic depotentiation nor homosynaptic potentiation appeared to affect the basal release of the VSI synapse.
Our finding that heterosynaptic neuromodulation can negate the effect of homosynaptic plasticity appears to be unique in the literature. Although there have been studies that described interactions of homo-and hetero-synaptic plasticity (Levy and Steward, 1979; Doyère et al., 1997; Chen et al., 2001; Huang et al., 2008) , the term "heterosynaptic" in these studies was taken to mean multiple synapses of the same type rather than neuromodulatory input as in this study. through low frequency homosynaptic mechanisms has been studied extensively in hippocampal slice preparations (Kulla et al., 1999; Chen et al., 2001; ManahanVaughan and Kulla, 2003) . But to our knowledge, there have been no reports of neuromodulatory actions resetting homosynaptic plasticity.
There are however, studies describing neuromodulatory effects on the induction of homosynaptic plasticity, in which the threshold and the magnitude of the synaptic plasticity is altered by neuromodulatory input (Qian and Delaney, 1997; Bristol et al., 2001; Koh and Weiss, 2005; Froemke et al., 2007; Giocomo and Hasselmo, 2007; Seol et al., 2007) . Such "metaplasticity" has been considered as important for determining the threshold for induction of LTP and LTD (Abraham and Bear, 1996; Philpot et al., 1999 Philpot et al., , 2007 Abraham et al., 2001) . Homosynaptic depotentiation also exhibits metaplasticity in that neuromodulatory substances have been shown to change the spike rate threshold for depotentiation (Huang et al., 1999 Manahan-Vaughan, 2002, 2008; Zho et al., 2002; ManahanVaughan and Kulla, 2003) .
It is tempting to speculate about the potential importance of a heterosynaptic reset mechanism for systems that exhibit activity-dependent synaptic plasticity. State-dependent neuromodulatory actions have been reported in a number of systems (Cai et al., 2002; Gu and Yan, 2004) . In Aplysia, the one of the effects of serotonin is dependent on whether the sensory to motor synapse is in a depressed state or not (Byrne and Kandel, 1996) . This may play a role at the behavioral level in distinguishing dishabituation from sensitization (Goldsmith and Abrams, 1991) . Resetting synapses to a basal state could potentially play a role in rapidly clearing working memory (Mongillo et al., 2008) .
State-independent synaptic enhancement
In contrast to synaptic depotentiation, the ability of DSI to enhance VSI synaptic strength is independent of the state of the synapse. Regardless of whether the synapse was in the basal state or in the potentiated state, DSI stimulation produced approximately a 60% increase in the EPSC amplitude (Fig. 5B ). This suggests that the transient enhancement acts as a multiplicative scaling factor on the current output state of the synapse. This is consistent with our previous results, which showed that DSI enhanced VSI synaptic strength to an equivalent degree even when the amount of transmitter release was increased by spike broadening (Sakurai et al., 2006) . The value of the scaling factor exhibited a great deal of variability within and between preparations, ranging from a 30% increase to a 120% increase (see Fig. 5B ). The source of that variability is not known. However, it is clear that it does not correlate with the potentiation state of the synapse.
The mechanism for the transient enhancement appears to be distinct from the mechanism for the activity-dependent, intrinsic potentiation at this synapse. We previously showed that the DSIevoked transient enhancement is caused by an increase in the fraction of the readily releasable pool of neurotransmitter (Sakurai et al., 2007) . Although in this study, we found that the transient enhancement is independent of the potentiation state, it is still dependent on the release state of the synapse; depleting the size of the readily releasable pool impairs the ability of 5-HT to increase release (Sakurai et al., 2007) .
In other systems, it has been suggested that an increased fraction of release plays major roles in some forms of homosynaptic potentiation (Zucker and Regher, 2002) . If that is the case in VSI, then there would likely be two separate pathways for increasing the fraction of release. In some systems the recruitment of release sites and/or increased pool size are suggested to be at least partly involved in synaptic potentiation (Byrne and Kandel, 1996; Atwood and Wojtowicz, 1999; Rosenmund et al., 2002; Poncer, 2003; Reid et al., 2004; Zhao and Klein, 2004; Habets and Borst, 2007) , and these mechanisms may also play a role in VSI homosynaptic potentiation. Further studies are needed to elucidate the mechanisms of these two types of synaptic enhancement.
Spike timing-dependent neuromodulation Previously, we described DSI modulation of VSI synaptic strength as spike timingdependent in which the timing of the VSI spikes with respect to DSI determines the polarity of the DSI action; when VSI is stimulated within 15 s of a DSI spike train, its synaptic output is enhanced, whereas it is diminished when VSI is stimulated at longer latencies (up to 2 min) (Sakurai and Katz, 2003) . However, those studies did not take into account the firing history of VSI and therefore the potentiation state of its synapse. Having now found that VSI exhibits homosynaptic plasticity that changes the state of its synaptic output, we recognize that what we previously described as DSI-evoked synaptic decrease is really depotentiation from a potentiated state. When the VSI synapse is not in a potentiated state, DSI stimulation does not decrease VSI synaptic strength.
We infer from our data that the timing dependencies of the neuromodulatory actions arise from the time courses of independent intracellular signaling mechanisms induced by the DSI input and the Based on Getting et al. (1980 ), Getting (1981 , Hume and Getting (1982) . All neurons have a contralateral homolog that is not represented. DSI and VSI show alternating bursting activity during a swim motor pattern (ii). After the swim bout, DSI fires at an elevated tonic firing rate of 1-2 Hz. B, Testing the role of DSI bursts using an imposed swim-like firing pattern. Bursts of action potentials were evoked repeatedly every 10 s either in VSI only (5 Hz for 5 s) or in both VSI (5 Hz, 5 s) and DSI (10 Hz, 5 s) in alternating manner, mimicking the swim motor pattern. Normalized amplitudes of the VSI-evoked EPSCs were plotted against time. The graph shows the changes in the amplitudes of VSI-evoked EPSCs when VSI was stimulated alone (black) and when both VSI and DSI were stimulated in alternating bursts (orange). Imposing DSI bursts between VSI bursts increased the EPSC amplitudes. C, There was a significant increase in the amplitudes of VSI-evoked EPSCs when VSI was stimulated in alternation with DSI ( p Ͻ 0.01 by paired t test, n ϭ 4). The EPSC amplitude during the artificial swim motor pattern was determined by averaging the amplitude of all EPSCs during the motor pattern. D, The role of the tonic firing of DSI after the swim. VSI-evoked EPSCs were tested 4 every 30 s. Normalized EPSC amplitudes are plotted before and after a series VSI spike trains (mimicking the swim motor pattern). When VSI was stimulated alone (black), the EPSPs entered the potentiation state after the artificial swim. When VSI was stimulated in alternation with DSI during the artificial swim, the EPSCs still potentiated after the artificial swim bout (orange). Adding tonic DSI spiking (2 Hz, for 60 s) after the artificial swim greatly reduced the magnitude of the postswim potentiation (green). E, Repeated bursts of VSI (black) caused an increase in EPSC amplitude. Firing VSI and DSI in an altering swim-like firing pattern (orange) did not significantly affect the percentage increase in EPSC amplitude. Addition of tonic DSI firing (green) significantly reduced the postswim potentiation. Asterisks indicates a significant difference (C, p Ͻ 0.05 by paired t test, n ϭ 4; E, p Ͻ 0.01 by one-way ANOVA with pairwise multiple comparison by Student-Newman-Keuls method).
VSI spike train. The synaptic enhancement produced by a DSI spike train lasts no longer than 15 s. This has consequences for the time duration over which the DSI-evoked enhancement can summate; DSI spikes spread out over a longer time period are less effective at enhancing VSI synaptic strength than a brief train with an equal number of spikes (Fig. 8 Bii) . Conversely, because the depotentiation is a negation of an altered state, it can integrate over longer periods of time; each DSI spike subtracting from the current state until the baseline is reached (Fig. 8 Biii) . The DSI-evoked synaptic depotentiation has its own timing dependence; there is a window of time after a VSI spike train and before the onset of the potentiation state, when DSI spiking neither prevents the potentiation nor diminishes it. This timingsensitivity presumably arises from the intracellular processes after a VSI spike train that lead to the potentiated state; DSI cannot depotentiate the synapse until the potentiation state is achieved.
Functional significance of timing-and state-dependent neuromodulation
It has been shown in many studies that short-term synaptic plasticity plays crucial roles in configuration of neural networks for motor pattern generation (Katz and Frost, 1995; Calabrese, 1998; Katz, 1999; Sanchez and Kirk, 2000; Sakurai and Katz, 2003; Koh and Weiss, 2005; Giocomo and Hasselmo, 2007; Briggman and Kristan, 2008; Huang et al., 2008) , and sensory processing (Nagai et al., 1996; Mercer, 1999; Billimoria et al., 2006; Schneggenburger and Forsythe, 2006) . Previously, we suggested that the DSI transient enhancement of VSI synaptic strength serves to boost the synaptic output during the swim motor program, whereas the synaptic decrement would suppress spurious synaptic inputs made by VSI after the cessation of swimming (Sakurai and Katz, 2003) . In this study, we found that repeated VSI bursts by themselves can produce a significant potentiation of VSI synapse, which would keep VSI synapses in a potentiated state for Ͼ10 min after a swim motor pattern. We further found that DSI firing during the swim motor pattern would not suppress this potentiation, whereas mimicking the tonic DSI firing that occurs after a swim motor pattern suppresses the potentiation and resets the synapse to its basal state. This is likely to have important behavioral consequences for the animal. It has been shown that VSI spiking inhibits crawling after a swim (Popescu and Frost, 2002) . Thus, depotentiating these synapses after the swim would make them less effective at inhibiting crawling. In this way, the different actions of a serotonergic neuron have different functions at different stages in the production of the behavior.
More generally, our results demonstrate that neuromodulatory actions of neurons can have state, timing, and pattern dependencies. It is not possible to predict the effect of the neuromodulatory neuron without knowing when it is firing with respect to the neuron that it modulates and what the pattern of activity is. In the case of state-dependent neuromodulatory actions, predicting the effect of the neuromodulatory neuron would also require knowing the state of the neuron or synapse being modulated. Similar contingent actions of neuromodulatory neurons are likely to play important roles in controlling the dynamics of any neuronal circuit that receives phasic neuromodulatory input. In contrast, when a DSI spike train is imposed during the potentiated state (iii), it both causes a transient enhancement and depotentiates (De-pot.) the synapse. When a DSI spike train is imposed after a VSI spike train but before the induction of the potentiated state (ii), it partially reduces the amplitude of the after-potentiated state, depending on the timing of the DSI spike train. B, When a DSI is stimulated at a lower frequency for a longer duration, producing the same number of spikes (i), it produces a very weak synaptic enhancement, but still evokes a strong depotentiation when the synapse is in the potentiated state (iii) or even in the beginning of the potentiated state (ii) (compare Fig. 9D ).
